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ABSTRACT

The document evaluates and assesses scientific information on the heailth
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The literature through 1983 has been reviewed thoroughly for
snformation relevant to air quality criteria, although the document is not
intended as a complete and detailed review of all 1literature pertai‘ning to
lead. An attempt has been made to identify the major discrepénc'ies in our
current knowledge and understanding of the effects of these pollutants.

Although this document is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a better understanding of this pollutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions: environmental concentrations and exposure Jlevels; atmospheric
chemistry and dispersion mode]intj; effects on vegetation; and respiratory,
physiological, toxicological, clinical, and epidemiological aspects of human
exposure.
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1. EXECUTIVE SUMMARY AND CONCLUSIONS

1.1 INTRODUCTION

This criteria document evaluates and assesses scientific information on the health and
welfare effects associated with exposure to various concentrations of lead in ambient air.

According to Section 108 of the Clean Air Act of 1970, as amended in June 1974, a cri-
teria document for a specific pollutant or class of pollutants shall:

. . . accurately reflect the latest scientific knowledge useful in indicating

the kind and extent of all identifiable effects on public health or welfare which

may be expected from the presence of such pollutant in the ambient air, in varying

quantities.

Air quality criteria are of necessity based on presently available scientific data, which
in turn reflect the sophistication of the technology used in obtaining those data as well as
the magnitude of the experimental efforts expended. Thus air quality criteria for atmospheric
pollutants are a scientific expression of current knowledge and uncertainties. Specifically
air quality criteria are expressions of the scientific knowledge of the relationships between
various concentrations--averaged over a suitable time period--of pollutants in the same atmos-
phere and their adverse effects upon public health and the environment. Criteria are issued
as a basis for making decisions about the need for control of a pollutant and as a basis for
development of air quality standards governing the pollutant. Air quality criteria are
descriptive; that is, they describe the effects that have been observed to occur as a result
of external exposure at specific levels of a pollutant. In contrast, air quality standards
are prescriptive; that is, they prescribe what a political jurisdiction has determined to be
the maximum permissible exposure for a given time in a specified geographic area.

This criteria document is a revision of the previous Air Quality Criteria Document for
Llead (EPA-600/8-77-017) published in December, 1977. This revision is mandated by the Clean
Air Act (Sect. 108 and 109), as amended U.S.C. §§7408 and 7409. The criteria document sets
forth what is known about the effects of lead contamination in the environment on human health
and welfare. This requires that the relationship between levels of exposure to lead, via all
routes and averaged over a suitable time period, and the biological responses to those levels
be carefully assessed. Assessment of exposure must take into consideration the temporal and
spatial distribution of lead and its various forms in the environment. Thus, the literature
through June, 1983, has been reviewed thoroughly for information relevant to air quality cri-
teria, for lead, but the document is not intended as a complete and detailed review of all
literature pertaining to lead. Also, efforts are made to identify major discrepancies in our
current knowledge and understanding of the effects of lead compounds.

SUMPB/D 1-1 9/30/83




PRELIMINARY DRAFT

Lead is a naturally occurring element that may be found in the earth's crust and in al]
components of the biosphere. It may be found in water, soil, plants, animals, and humans.
Because lead also occurs in ore bodies that have been mined for centuries by man, this metal
has also been distributed throughout the biosphere by the industrial acfivities of man. Of
particular 'importance to the human environment are emissions of lead to 'the atmosphere. The
sources of these emissions and the pathways of lead through the environment to man are shown
in Figure 1-1. This figure shows natural f{nputs to soil by crustal weathering and
anthropogenic inputs to the atmosphere from automobile emissions and stationary industrial

sources. Natural emissions of lead to the atmosphere from volcanoes and windblown soil are of
minor importance.

AUTO INDUSTRIAL CRUSTAL

EMISSIONS EMISSIONS WEATHERING

AMBIENT P SURFACE AND
AIR GROUND WATER

]
+ e

DRINKING

I
-
L
]
m-
‘a

O

O

i

-

m

)

| | LIVER:
P KIDNEY

V2

FECES URINE

Figure 1-1. Pathways of lead exposure from the environment to man.
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From these emission sources, lead moves through the atmosphere to various components of
the human environment. Lead is deposited on soil and plants and in animals, becoming incor-
porated into the food chain of man. Atmospheric lead is a major component of household and
street dust: lead is also inhaled directly from the atmosphere.

1.2 ORGANIZATION OF DOCUMENT

This document focuses primarily on lead as found in its various forms in the ambient
atmosphere; in order to assess its effects on human health, however, the distribution and bio-
logical availability of lead in other environmental media have been considered. The rationale
for structuring the document was based primarily on the two major questions of exposure and
response. The first portion of the ddcument is devoted to lead in the environment--its physi-
cal and chemical properties; the monitoring of lead in various media; sources, emissions, and
concentrations of lead; and the transport and transformation of lead within environmental
media. The latter portion is devoted to biological responses and effects on human health and
ecosystems. |

In order to facilitate printing, distribution, and review of the present draft materials,
this First External Review Draft of the revised EPA Air Quality Criteria Document for Lead is
being released in four volumes. The first volume (Volume I) contains this executive summary
and conclusions chapter (Chapter 1) for the entire document. Volume II contains Chapters 2-8,
which include: the introduction for the document (Chapter 2); discussions of the above listed
topics concerning lead in the environment (Chapters 3-7); and evaluation of lead effects on
ecosystems (Chapter 8). The remaining two volumes contain Chaplers g-13, which deal with the
extensive available literature relevant to assessment of health effects associated with lead
exposure.

An effort has been made to 1imit the document to a highly critical assessment of the sci-
entific data base. The scientific literature has been reviewed through June 1983. The refer-
ences cited do not constitute an exhaustive bibliography of all available lead-related litera-
ture but they are thought to be sufficient to reflect the current state of knowledge on those
issues most relevant to the review of the air quality standard for lead.

The status of control technology for lead is not discussed in this dncument For informa-
tion on the subject, the reader is referred to appropriate control technology documentation
published by the Office of Air Quality Planning and Standards (OAQPS), EPA. The subject of
"adequate margin of safety" stipulated in Section 108 of the Clean Air Act also is not expli-
citly addressed here; this topic will be considered in depth by EPA's Office of Air Quality
Planning and Standards in documentation prepared as a part of the process of revising the Na-
tional Ambient Air Quality Standard (NAAQS) for Lead.
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1.3 CHEMICAL AND PHYSICAL PROPERTIES OF LEAD

Lead is a gray-white metal of bright luster that, because of its easy isolation and low
meiting point, was among the first of the metals to be extensively utilized by man. Lead was
used as early as 2000 B.C. by the Phoenicians. The most abundant ore is galena, from which
metallic lead 1is readily smelted. The metal is soft, malleable, and ductile, a poor
electrical conductor, and highly impervious to corrosion. This unique combination of physical
properties has led to its use in piping and roofing, and in containers for corrosive liquids.
The metal 9nd the dioxide are used in storage batteries, and organolead compounds are used in
gasoline additives to boost octane levels. Since lead occurs in highly concentrated ores from
which it is readily separated, the availability of lead is far greater than its natural abun-
dance would suggest. The great environmental significance of lead is the result both of its
utility and of its availability.

The properties of organolead compounds (i.e., compounds containing bonds between lead and
carbon) are entirely different from those of the inorganic compounds of lead. Because of their
use as antiknock agents in gasoline and other fuels, the most important organolead compounds
have been the tetraalkyl compounds tetraethyllead (TEL) and tetramethyllead (TML). These lead
compounds are removed from internal combustion engines by a process called l1ead scavenging, in
which they react in the combustion chamber with halogenated hydrocarbon additives (notably
ethylene dibromide and ethylene dichloride) to form lead halides, usually bromochlorolead(II).

The donor atoms in a metal complex could be almost any basic atom or molecule; the only
requirement is that a donor, usually called a ligand, must have a pair of electrons available |
for bond formation. In general, the metal atom occupies a central position in the complex, as
exemplified by the lead atom in tetramethyllead (F'igure 1-2a) which is tetrahedrally sur-
rounded by four methyl groups. In these simple organolead compounds, the lead is usually pre-
sent as Pb(IV), and the complexes are relatively inert. These simple ligands, which bind to
metal at only a single site, are called monodentate 1igands. Some ligands, however, can bind
to the metal atom by more than one donor atom, so as to form a heterocyclic ring structure.
Rings of this general type are called chelate rings, and the donor molecules which form them
are called polydentate ligands or chelating agents. In the chemistry of lead, chelation nor-
mally involves Pb(II). A wide variety of biologically significant chelates with ligands
such as amino acids, peptides, and nucleotides are known. The simplest structure of this
type occurs with the amino acid glycine, as represented in Figure 1-2b for a 1:2
(metal:1igand) complex. The importance of chelating agents in the present context is their
widespread use in the treatment of lead and other metal poisoning.
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Figure 1-2. Metal complexes of lead.

L

Metals are often classified according to some combination of their electronegativity,
jonic radius, and formal charge. These parameters are used to construct empirical classifi-
cation schemes of relative hardness or softness. In these schemes, "hard" metals form strong
bonds with "hard" anions and, likewise, "soft" metals bond with "soft" anions. Some metals
are borderline, having both soft and hard character. Pb(II), although borderline, demon-
strates primarily soft character (Figure 1-3). The term Class A may also be used to refer to
hard metals, and Class B to soft metals. Since Pb(Il) is a relatively soft (or class B) metal
ion, it forms strong bonds to soft donor atoms like the sulfur atoms in the cysteine residues
of proteins and enzymes. In living systems, lead atoms bind to these peptide residues in pro-
teins, thereby changing the tertiary structure of the protein or blocking a substrate's
approach to the active site of an enzyme. This prevents the proteins from carrying out their
functions. As has been demonstrated in several studies (Jones and Vaughn, 1978; Williams and
Turner, 1981;: Williams et al., 1982), there is an inverse correlation between the LD50 values
of metal complexés and the chemical softness parameter. Lead(Il) has a higher softness para-
meter than either cadmium(II) or mercury(Il), so lead(II) compounds would not be expected to
be as toxic as their cadmium or mercury analogues.

The role of the chelating agents is to compete with the peptides for the metal by forming
stable chelate complexes that can be transported from the protein and eventually be excreted

by the body. For simple thermodynamic reasons, chelate complexes are much more stable than

monodentate metal complexes, and it is this enhanced stability that is the basis for their
ability to compete favorably with proteins and other ligands for the metal ions.
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Figure 1-3. Softness parameters of metals.

Source: Nieboer and Richardson {1980).

It should be noted that both the stoichiometry and structures of metal chelates depend
upon pH, and that structures different from those manifest in solution may occur in crystals.
It will suffice to state, however, that several tigands can be found that are capable of suf-
ficiently strong chelation with lead present in the body under physiologica'l conditions to
permit their use in the effective treatment of Tead poisoning.

1.4 SAMPLING AND ANALYTICAL METHODS FOR ENVIRONMENTAL LEAD

Lead, 1ike all criteria pollutants, has a designated Reference Method for monitoring and
analysis. as required in State Implementation Plans for determining compliance with the lead
National Ambient Air Quality Standard. The Reference Method uses a high volume sampler (hi-
vol) for sample collection and atomic absorption spectrometry (AAS) for analysis.

For a rigorous quality assurance program, it is essential that investigators recognize
all sources of contamination and use every precaution to eliminate them. Contamination occurs
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on the surfaces of collection containers and devices, on the hands and clothing of the inves-
tigator, in the chemical reagents, in the laboratory atmosphere, and on the tabware and tools

used to prepare the sample for analysis.

1.4.1 Samp1igg_Technigues
Sampling strategy encompasses site selection, choice of instrument used to obtain repre-

sentative samples, and choice of method used to preserve sample 1ntegrfty. In the United States,
some sampling stations for air pollutants have been operated since the early 1950's. These
early stations were a part of the National Air Surveillance Network (NASN), which has now
become the National Filter Analysis Network (NFAN). Two other types of networks have been
established to meet specific data requirements. State and Local Air Monitoring Stations
(SLAMS) provide data from specific areas where poliutant concentrations and population densi-
ties are the greatest and where monitoring of compliance to standards 1is critical. The Na-
tional Air Monitoring Station (NAMS) network is designed to serve national monitoring needs,
including assessment of national ambient trends. SLAMS and NAMS stations are maintained by
state and local agencies and the air samples are analyzed in their Taboratories. Stations in
the NFAN network are maintained by state and local agencies, but the samples are analyzed by
laboratories in the U.S. Environmental Protection Agency, where quality control procedures are

rigorously maintained.

Data from all three networks are combined into one data base, the National Aerometric
Data Bank (NADB). These data may be individual chemical analyses of a 24-hour sampling period
arithmetically averaged over a calendar period, or chemical composites of several filters used
to determine a quarterly composite. Data are occasionally not available for a given location
because they do not conform to strict statistical requirements.

In September, 1981, EPA promulgated regulations establishing ambient air monitoring and
data reporting requirements for lead comparable to those already established in May of 1979
for the other criteria pollutants. Whereas sampling for lead is accomplished when sampling
for total suspended particulate (TSP), the designs of lead and TSP monitoring stations must be
complimentary to insure compliance with the NAMS criteria for each pollutant.

There must be at Teast two SLAMS sites for lead in any area that has a population greater
than 500,000 and any area where lead concentration currently exceeds the ambient Jead standard
(1.5 pg/m3) or has exceeded it since January 1, 1974.

To clarify the relationship between monitoring objectives and the actual siting of a mon-
jtor, the concept of a spatial scale of representativeness was developed. The spatial scales
are discribed in terms of the physical dimensions of the air space surrounding the monitor
throughout which pollutant concentrations are fairly similar.
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The time scale may also be an important factor. Siting criteria must include sampling
times sufficiently long to include average windspeed and direction, or a sufficient number of
samples must be collected over short sampling periods to provide an average value consistent
with a 24~hour exposure.

Airborne lead is primarily inorganic particulate matter but may occur in the form of or-
ganic gases. Devices used for collecting samples of ambient atmospheric lead include the
standard hi-vol sampler and a variety of other collectors employing filters, impactors,
impingegers, or scrubbers, either separately or in combination, that measure lead in pg/me.
Some samplers measure lead deposition expressed in pg/cmz; some 1instruments separate parti-
cles by size. As a general rule, particles smaller in aerodynamic diameter than 2.5 um are
classified as "fine", and those larger than 2.5 um as “coarse."

The present SLAMS and NAMS empiloy the standard hi-vol sampler (U.S. Environmental Protec-
tion Agency, 1971) as part of their sampling networks. As a Federal Reference Method Sampler,
the hi-vol operates with a specific flow rate of 1600 to 2500 m® of air per day

wWhen sampiing ambient lead with systems employing filters, it is 1ikely that vapor-phase
organolead compounds will pass through the filter media. The use of bubblers downstream from
the filter containing a suitable reagent or absorber for collection of these compounds has
been shown to be effective. Organolead may be collected on iocdine crystals, adsorbed on acti-
vated charcoal, or absorbed in an iodine monochloride solution. In one experiment, Purdue et
al. (1973) operated two bubblers in series containing iodine monochloride solution. One hun-
dred percent of the lead was recovered in the first bubbler.

Sampting of stationary sources for lead requires the use of a sequence of samplers in the
smokestack. Since lead in stack emissions may be present in a variety of physical and chemical
forms, source sampling trains must be designed to trap and retain both gaseous and particulate
lead. | |

Three principal procedures have been used to obtain samples of auto exhaust aerosols for
subsequent analysis for lead compounds: a horizontal dilution tunnel, plastic sample collec~
tion bags, and a low residence time proportional sampler. In each procedure, samples are air
diluted to simulate roadside exposure conditions. In the most commonly used procedure, the
air dilution tube segregates fine combustion-derived particles from larger lead particles.
Ssuch tunnels of varying lengths have been 1imited by exhaust temperatures to total flows above
approximately 11 m3/min. Similar tunnels have a centrifugal fan located upstream, rather than
a positive displacement pump located downstream. This geometry produces a slight positive
pressure in the tunnel and expedites transfer of the aerosol to holding chambers for studies
of aerosol growth. However, turbulence from the fan may affect the sampling efficiency.
Since the total exhaust plus dilution airflow is not held constant in this system, potential
errors can be reduced by maintaining a very high dilution air/exhaust flow ratio.
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In the bag technique, auto emissions produced during simutated driving cycles are air-
diluted and collected in a large plastic bag. The aerosol sample is passed through a filtra-
tion or impaction sampler prior to lead analysis. This technique may result in errors of
aeroso]l size analysis because of condensation of low vapor pressure organic substances onto
the lTead particles.

To minimize condensation problems, a third technique, a low residence time proportional
sampling system, has been used. It is based on proportional sampling of raw exhaust, again
diluted with ambient air followed by filtration or impaction. Since the sample flow must be a
constant proportion of the total exhaust flow, this technique may be limited by the response
time of the equipment to operating cycle phases that cause reiatively small transients in the
exhaust fiow rate.

Other primary environmental media that may be affected by airborne lead include precipi-

tation, surface water, soil, vegetation, and foodstuffs. The sampling plans and the sampling
| methodologies used in dealing with these media depend on the purpose of the experiments, the
types of measurements to be carried out, and the analytical technique to be used.

Lead at the start of a rain event is higher in concentration than at the end, and rain
striking the canopy of a forest may rinse dry deposition particles from the leaf surfaces.
Rain collection systems should be designed to collect precipitation on an event basis and to
collect sequential samples during the event.

Two automated systems have recently been used. The Sangamo Precipitation Collector,
Type A, collects rain in a single bucket exposed at the beginning of the rain event (Samant
and Vaidya, 1982). A second sampler, described by Coscio et al. (1982), also remains covered
between rain events; it can collect a sequence of eight samples during the period of rain and
may be fitted with a refrigeration unit for sample cooling.

Because the physicochemical form of lead often influences environmental effects, there is
a need to differentiate among the various chemical forms. Complete differentiation among all
such forms is a complex task that has not yet been fully accomplished. The most commonly used
approach is to distinguish between dissolved and suspended forms of lead. All lead passing
through a 0.45 pm membrane filter is operationally defined as dissolved, while that retained
on the filter is defined as suspended (Kopp and McKee, 1979).

Containers used for sample collection and storage should be fabricated from essentially
lead-free plastic or glass, e.¢g., conventional polyethylene, Tef1oﬁ®, or quartz. These con-
tajners must be leached with hot acid for several days to ensure minimum lead contamination
(Patterson and Settle, 1976). |

The distance from emission sources and depth gradients associated with lead in soil must
be considered in designing the sampling plan. Vegetation, litter, and large objects such as
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stones should not be included in the samplte. Depth samples should be collected at not greater
than 2 cm intervals to preserve vertical integrity.

Because most soil lead is in chemical forms unavailable to plants, and because lead is
not easily transported by plants, roots typically contain very little lead and shoots even
less. Before analysis, a decision must be made as to whether or not the plant leaf material
should be washed to remove surface contamination from dry deposition and soil particles. If
the plants are sampled for total lead content (e.g., if they serve as animal food sources),
they cannot be washed; if the effect of lead on internal plant processes is being studied, the
plant samples should be washed. In either case, the decision must be made at the time of sam-
pling, as washing cannot be effective after the plant materials have dried.

~In sampling for airborne lead, air is drawn through filter materials such as glass fiber,
cellulose acetate, or porous plastic. These materials often include contaminant Tead that can
interfere with the subsequent analysis. Procedures for cleaning filters to reduce the lead
blank rely on washing with acids or complexing agents. The type of filter and the analytical
method to be used often determines the ashing technique. In some methods, e.g., X-ray fluo-
rescence, analysis can be performed directly on the filter if the filter material is suitable.
Skogerboe (1974) provided a general review of filter materials.

The main advantages of glass fiber filters are low pressure drop and high particle col-
lection efficiency at high flow rates. The main disadvantage is variability in the lead blank,
which makes their use inadvisable in many cases. This has ptaced a high priority on the stan-
dardization of a suitable filter for hi-vol samples. Other investigations have indicated,
however, that glass fiber filters are now available that do not present a lead interference
problem (Scott et al., 1976b). Tef'lnn® filters have been used since 1975 by Dzubay et al.
(1982) and Stevens et al. (1978), who have shown these filters to have very low lead blanks
(<2 ng/cm®). The collection efficiencies of filters, and also of impactors, have been shown
to be dominant factors in the quality of the derived data.

1.4.2 Analytical Procedures

The choice of analytical method depends on the nature of the data required, the type of
sample being analyzed, the skill of the analyst, and the equipment available. For general
determination of elemental lead, atomic absorption spectroscopy (AAS) is widely used and re-
commended (C.F.R., 1982 40: § 50). Optical emission spectrometry and X-ray fluorescence
(XRF) are rapid and inexpensive methods for multielemental analyses. X-ray fluorescence can
measure lead concentrations reliably to 1 ng/m® using samples collected with commercial
dichotomous samplers. Other analytical methods have specific advantages appropriate for
special studies.
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~ With respect to measuring lead without contamination during sampling or from the labora-
tory, several investigators have shown that the magnitude of the problem is quite large. [t
appears that the problem may be caused by failure to control the blank or by failure to stan-
dardize instrument operation (Patterson, 1983; Skogerboe, 1982). The laboratory atmosphere,
collecting containers, and the labware used may be primary contributors to the lead blank

problem (Patterson, 1983; Skogerboe, 1982). Failure to recognize these and other sources of
contamination such as reagents and hand contact is very likely to result in the generation of

artificially high analytical results. Samples with less than 100 ng lead should be analyzed
in a clean laboratory especially designed for the elimination of lead contamination. Moody
(1982) has described the construction and application of such a laboratory at the National
Bureau of Standards.

For AAS, the lead atoms in the sample must be vaporized either in a precisely controlled
flame or in a furnace. Furnace systems fn AAS offer high sensitivity as well as the ability
to analyze small samples. These enhanced capabilities are offset in part by greater dif-
ficulty in analytical calibration and by loss of analytical precision.

Particles may also be collected on cellulose acetate filters. Disks (0.5 cm?) are
punched from these filters and analyzed by insertion of nichrome cups containing the disks
into a flame. Another application involves the use of graphite cups as particle filters with
the subsequent analysis of the cups directly in the furnace system. These two procedures
offer the ability to determine particulate lead directly with minimal sample handling.

In an analysis using AAS and hi-vol samplers, atmospheric concentrations of lead were
found to be 0.076 ng/m® at the South Pole (Maenhaut et al., 1979). Lead analyses of 995 par-
ticulate samples from the NASN were accomplished by AAS with an indicated precision of 11 per-
cent (Scott et al., 1976a). More specialized AAS methods for the determination of tetraalky]
lead compounds in water and fish tissue have been described by Chau et al. (1979) and in aijr
by Birnie and Noden (1980) and Rohbock et al. (1980).

Techniques for AAS are still evolving. An alternative to the graphite furnace, evaluated
by Jin and Taga (1982), uses a heated quartz tube through which the metal ion in gaseous
hydride form flows continuously. Sensitivities were 1 to 3 ng/g for lead. The technique is
similar to the hydride generators 'used for mercury, arsenic, and selenium. Other nonflame
atomization systems, electrodeless discharge lamps, and other equipment refinements and tech-
nique developments have been reported (Horlick, 1982).

Optical emission spectroscopy is based on the measurement of the light emitted by
elements when they are excited in an appropriate energy medium. The technique has been used
to determine the lead content of soils, rocks, and minerals at the 5 to 10 ug/g level with a
relative standard deviation of 5 to 10 percent; this method has also been applied to the ana-
lysis of a large number of air samples (Sugimae and Skogerboe, 1978). The primary advantage
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of this method is that it allows simultaneous measurement of a large number of elements in a
small sample. In a study of environmental contamination by automotive lead, sampling times
were shortened by using a sampling technique in which lead-free porous graphite was used both
as the filter medium and as the electrode in the spectrometer. Lead concentrations of 1 to
10 ug/m® were detected after a half-hour flow at 800 to 1200 ml1/min through the filter.

More recent activities have focused attention on the inductively coupled ptasma (ICP)
system as a valuable means of excitation and analysis (Garbarino and Taylor, 1979). The ICP
system offers a higher degree of sensitivity with less analytical interference than is typical
of many of the other emission spectroscopic systems. Optical emission methods are inefficient
when used for analysis of a single element, since the equipment is expenﬁive and a high level
of operator training is required. This problem is largely offset when analysis for several
elements is required, as is often the case for atmospheric aerosols. X-ray fluorescence (XF)
allows simultaneous identification of several elements, including lead, using a high-energy
irradiation source. With the X-ray tubes coupled with f]uorescérs, very little energy is
transmitted to the sample; thus sample degradation is kept to a minimum. Electron beams and
radicactive isotope sources have been used extensively as energy sources for XRF analysis.

K4ray emission induced by charged-particle excitation (proton-induced X-ray emission or
PIXE) offers an attractive alternative to the more common techniques. The excellent capabi-
lity of accelerator beams for X-ray emission analysis is partially due to the relatively low
background radiation associated with the excitation.

X-radiation is the basis of the electron microprobe method of analysis. When an intense
electron beam is incident on a sample, it produces several forms of radiation, including
X-rays, whose wavelengths depend on the elements present in the material and whose intensities
depend on the relative quantities of these elements. The method is unique in providing com-
positional information on individual lead particles, thus permitting the study of dynamic che-
mical changes and perhaps allowing improved source identification.

Isotope dilution mass spectrometry (IDMS) is the most accurate measurement technique
known at the present time. No other techniques serve more reliably as a comparative refer-
ence; it has been used for analyses of subnanogram concentrations of lead in a variety of sam-
ple types (Chow et al., 1969, 1974: Facchetti and Geiss, 1982; Hirao and Patterson, 1974;
Murozumi et al., 1969; Patterson et al., 1976; Rabinowitz et al., 1973). The isotopic compo-
sition of lead peculiar to various ore bodies and crustal sources may also be used as a means
of tracing the origin of anthropogenic lead.

Colorimetric or spectrophotometric analysis for lead using dithizone (diphenylthiocarba-
zone) as the reagent has been used for many years. It was the primary method recommended by a
National Academy of Sciences (1972) report on lead, and the basis for the tentative method of
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testing for lead in the atmosphere by the American Society for Testing Materials (1975b).
Prior to the development of the IDMS method, colorimetric analysis served as the reference by
which other methods were tested.

Analytical methods based on electrochemical phenomena are found in a variety of forms.
They are characterized by a high degree of sensitivity, selectivity, and accuracy derived from
the relationship between current, charge, potential, and time for electrolytic reactions in
solutions. Anodic stripping voltammetry (ASV) is a two step process in which the lead is pre-
concentrated onto a mercury electrode by an extended but selected period of reduction. After
the reduction step, the potential is scanned either linearly or by differential pulse to oxi-
dize the lead and allow measurement of the oxidation (stripping) current.

The majority of analytical methods are restricted to measurement of total lead and cannot
directly identify the various compounds of lead. Gas chromatograpny (GC) using the electron
capture detector has been demonstrated to be useful for organolead compounds. The use of
atomic absorption as the GC detector for organolead compounds has been described by De Jonghe
et al. (1981), while a plasma emission detector has been used by Estes et al. (1981). In ad-
dition, Messman and Rains (1981) have used liquid chromatography with an atomic absorption
detector to measure organolead compounds. Mass spectrometry may also be used with gas chroma-
tography (Mykytiuk et al., 1980).

1.5 SOURCES AND EMISSIONS

The history of global lead emissions has been assembled from chronological records of de-
position in polar snow strata, marine and freshwater sediments, and the annual rings of trees.
These records aid in establishing natural background levels of lead in air, soils, plants,
animals, and humans, and they document the sudden increase in atmospheric lead at the time of
the industrial revolution, with a later burst during the 1920's when lead-alkyls were first
added to gasoline. Pond sediment analyses have shown a 20-fold increase in lead deposition
during the last 150 years (Figure 1-4), documenting not only the increasing use of lead since
the beginning of the industrial revolution in western United States, but also the relative
fraction of natural vs. anthropogenic lead inputs. Other studies have shown the same magni-
tude of increasing deposition in freshwater marine sediments. The pond and marine sediments
"also document the shift in isotopic composition of atmospheric caused by increased commercial
use of the New Lead Belt in M1ssouri, where the ore body has an isotopic composition substan-
tially different from other ore bodies of the world.

Perhaps the best chronological record is that of the polar ice strata of Murozumi et al.
(1969), which extends nearly three thousand years back in time (Figure 1-4). At the South
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Figure 1-4. Chronological record of the relative increase of lead in snow strata, pond
and lake sediments, marine sediments, and tree rings. The data are expressed as a
ratio of the latest year of the record and should not be interpreted to extend back in
time to natural or uncontaminated levels of lead concentration.

Source: Adapted from Murozumi et al. (1969) (O ), Shirahata et al. (1980) ({J), Edgington
and Robbins (1976) ( A ), Ng and Patterson (1982} ( & ), and Rolfe (1974) (@ ).

Pole, Boutron (1982) observed a 4-fold increase of lead in snow from 1957 to 1977 but saw no
increase during the period 1927 to 1957. The author suggested the extensive atmospheric lead
pollution which began in the 1920's did not reach the South Pole until the mid-1950's. This
interpretation agrees with that of Maenhaut et al. (1979), who found atmospheric concentra-
tions of lead of 0.000076 pg/m® at the same location. This concentration is about 3-fold
higher than the 0.000024 pg/m® estimated by Patterson (1980) and Servant (1982) to be the
natural lead concentration in the atmosphere. In summary, it is likely that atmospheric lead
emissions have increased 2000-fold since the pre-Roman era, that even at this early time the
atmosphere may have been contaminated by a factor of three over natural levels (Murozumi et
al. 1869), and that global atmospheric concentrations have increased dramatically since the
1920's.
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The history of global emissions may also be inferred from total production of Jead.
The historical picture of lead production has been pieced together from many sources by Settle
and Patterson (1980) (Figure 1-5). Until the industrial revolution, lead production was
determined largely by the ability or desire to mine lead for its silver content. Since that
time, lead. has been used as an industrial product in its own right, and efforts to improve
smelter efficiency, including control of stack emissions and fugitive dusts, have made lead
production more economical. This improved efficiency is not reflected in the chronological
record because of atmospheric emissions of lead from many other anthropogenic sources,
especially gasoline combustion (see Section 5.3.3). From this knowledge of the chronological
record, it is possible to sort out contemporary anthropogenic emissions from natural sources

of atmospheric lead.
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Figure 1-5. The global lead production has changed historically in response to
major economic and political events. Increases in lead production {note log
scale) correspond approximately to historical increases in lead emissions shown

in Figure 5-1.
Source: Adapted from Settle and Patterson (1980).

SUMPB/D 1-15 9/30/83



PRELIMINARY DRAFT

Lead enters the biosphere from lead-bearing minerals in the 1ithosphere through both
~natural and man-made processes. Measurements of soi] materials taken at 20-cm depths in the
continental United States show a median lead concentration of 15 to 16 ug Pb/g soil. In
natural processes, lead is first incorporated in soil in the active root zone, from which it
may be absorbed by plants, leached into surface waters, or eroded into windborne dusts.

Caiculations of natural contributions using geochemical information indicate that natura)
sources contribute a re]ative]y small amount of lead to the atmosphere. It has been estimated
from geochemical evidence that the natural particulate lead level is less than 0.0005 ug/ms
(National Academy of Sciences, 1980), and probably lower than the 0.000076 Hg/m? measured at
the South Pole (Maenhaut et al. 1979). In contrast, average lead concentrations in urban
suspended particulate matter range as high as 6 ug/m® (U.S. Environmental Protection Agency,
1979, 1978). Evidently, most of this urban particulate lead originates from man-made sources.

Lead occupies an important position in the U.S. economy, ranking fifth among all metals
in tonnage used. Approximately 85 percent of the primary lead produced in this country is
from native mines, although often associated with minor amounts of zinc, cadmium, copper,
bismuth, gold, silver, and other minerals (U.S. Bureau of Mines, 1972-1982). Missouri lead
ore deposits account for approximately 80 to 90 percent of the domestic production. Total
utilization averaged approximately 1.36x106 t/yr over the 1l0-year period, with storage bat-
teries and gasoline additives accounting for ~70 percent of total use. Certain products,
especially batteries, cables, plumbing, weights, and ballast, contain 1lead that is
economically recoverable as secondary lead. Lead in pigments, gasoline additives, ammunition,
foil, solder, and steel products is widely dispersed and therefore is largely unrecoverable.
Approximately 40-50 percent of annual lead production is recovered and eventually recycled.

Lead or its compounds may enter the environment at any point during mining, smelting,
processing, use, recycling, or disposal. Estimates of the'dispersal of lead emissions into
the environment by principal sources indicate that the atmosphere is the major initial
recipient. Estimated lead emissions to the atmosphere are shown in Table 1-1. Mobile and
stationary sources of lead emissions, although found throughout the nation, tend to be con-
centrated in areas of high population density, and near smelters. Figure 1-6 shows the ap-
proximate locations of major lead mines, primary and secondary smelters and refineries, and
alkyl lead paints (International Lead Zinc Research Organization, 1982).

The majority of lead compounds found in the atmosphere result from leaded gasoline com-
bustion. Several reports indicate that transportation sources contribute over 80 percent of
the total atmospheric lead. Other mobile sources, including aviation use of leaded gasoline
and diesel and jet fuel combustion, contribute insignificant lead emissions to the atmosphere.

Automotive Tead emissions occur as PbBrCl in fresh exhaust particles. The fate of emit-
ted lead particles depends upon particle size. Particles initially formed by condensation of
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TABLE 1-1. ESTIMATED ATMOSPHERIC LEAD EMISSIONS FOR THE
UNITED STATES, 1981 AND THE WORLD

— g
. i

Annual Percentage of Annual
. S. U.S. Total Global
Source Category Emissions Emissions Emissions
(t/yr) (t/yr)
Gasoline combustion 35,000 85.9 273,000
Waste oil combustion 830 2.0 8,900
Solid waste disposal 319 0.8
Coal combustion 950 2.3 14,000
0il1 combustion 226 0.6 6,000
Wood combustion - -- 4,500
Gray iron production 295 0.7 50,000
Iron and steel production 533 1.3
Secondary lead smelting 631 1.5 770
Primary copper smelting 30 0.1 27,000
Ore crushing and grinding 326 0.8 8,200
Primary lead smelting 921 2.3 31,000
Other metallurgical 54 0.1
Zn smelting 16,000
Ni smelting 2,500
Lead alkyl manufacture 245 0.6
Type metal 85 0.2 7,400
Portland cement production 71 0.2
Miscellaneous 233 0.5 5,900
Total 40,739° 100% 449,170

aInventory does not include emissions from exhausting workroom air, burning of lead-painted
surfaces, welding of lead-painted steel structures, or weathering of painted surfaces.

Source: For U.S. emissions, Battye (1983); for global emissions, Nriagu (1979).

lead compounds in the combustion gases are quite small (well under 0.1 pm in diameter). Parti-
cles in this size category are subject to growth by coagulation and, when airborne, can remain
suspended in the atmosphere for 7 to 30 days and travel thousands of miles from their original
source. Larger particles are formed as the result of agglomeration of smaller condensation
particles and have limited atmospheric lifetimes.

During the lifetime of the vehicle, approximately 35 percent of the lead contained in the
gasoline burned by the vehicle vﬁH be emitted as small particles [<0.25 um mass median
equivalent diameter (MMED)], and approximately 40 percent will be emitted as larger particles
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(>10 um MMED) (Ter Haar et al., 1972). The remainder of the lead consumed in gasoline combus-
tion is deposited in the engine and exhaust system.

Although the majority (>90 percent on a mass basis) of vehicular lead compounds are emit-
ted as inorganic particles (e.g., PbBrC1), some organolead vapors (e.d., lead alkyls) are also
emitted. The largest volume of organolead vapors arises from the manufacture, transport, and
handling of teaded gasoline. Such vapors are photoreactive, and their presence in local atmo-
spheres is transitory. Organolead vapors are most 1ikely to occur in occupational settings
and have been found to contribute less than 10 percent of the total lead present in the atmo-

sphere. |
The use of lead additives in gasoline, which increased in volume for many years, 1S now

decreasing as automobiles designed to use unteaded fuel constitute the major portion of the
automotive population. The decline in the use of leaded fuel is the result of two regulations
promulgated by the U.S. Environmental Protection Agency (F.R., 1973 December 6). The first
required the availability of unleaded fuel for use in automobiles designed to meet federal
emission standards with lead-sensitive emission control devices (e.g., catalytic converters);
the second required a reduction or phase-down of the lead content in leaded gasoline. Compli-
ance with the phase-down of lead in gasoline has recently been the subject of proposed rule-
makings. The final action (F.R., 1982 October 29) replaced the present 0.5 g/gal standard for
the average lead content of all gasoline with a two-tiered standard for the lead content of
Jeaded géso]ine. Under this proposed rule, refineries would be required to meet a standard of
1.10 g/gal for leaded gasoline while maintaining an average 0.5 g/gal for all gasoline.

The trend in lead content for U.S. gasolines is shown in Figure 1-7. Of the total gas-
oline pool, which includes both leaded and unleaded fuels, the average lead content has
decreased 63 percent, from an average of 1.62 g/gal in 1975 to 0.60 g/gal in 198l.

Data describing the lead consumed in gasoline and average ambient lead levels (composité
of maximum quarterly values) versus calendar year are plotted in Figure 1-8. The linear cor-
relation between lead consumed in gasoline and the composite maximum average quarterly ambient
average lead Tevel is very good. Between 1975 and 1980, the 1lead consumed in gasoline
decreased 52 percent (from 165,577 metric tons to 78,679 metric tons) while the corresponding
composite maximum gquarterly average of ambient lead decreased 51 percent (from 1.23 pg/m? to

0.60 pg/m3). This indicates that control of lead in gasoline over the past several years has
effected a direct decrease in peak ambient lead concentrations.

Furthermore, the equation in Figure 1-8 implies that the complete elimination of lead
from gasoline might reduce the composite average of the maximum quarterly lead concentrations
at these stations to 0.05 upg/m3, a level typical of concentrations reported for nonurban sta-
tions in the U.S.
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S0l1d waste incineration and combustion of waste oil are principal contributors of lead
emissions from stationary sources. The manufacture of consumer products such as lead glass,
storage batteries, and lead additives for gasoline also contributes significantly to station-
ary source lead emissions. Since 1970, the quantity of lead emitted from the metallurgical
industry has decreased somewhat because of the application of control equipment and the clos-
ing of several plants, particularly in the zinc and pyrometallurgical industries.

A new locus for Tead emissions emerged in the mid-1960s with the opening of the "Viburnum
Trend"” or "New Lead Belt" in southeastern Missouri. The presence of ten mines and three ac-
companying lead smelters in this area makes it the largest lead-producing district in the
world.

There is no doubt that atmospheric lead has been a component of the human environment
since the earliest written record of civilization. Atmospheric emissions are recorded in
glacial ice strata and pond and lake sediments. The history of global emissions seems
closely tied to production of lead by industrially oriented civilizations. Although the
amount of lead to the atmosphere emitted from natural sources 1s a subject of controversy,
even the most liberal estimate (25 x 103 t/year) is dwarfed by the global emissions from
anthropogenic sources (450 X 103 t/year). The contribution of gasoline lead to total atmo-
spheric emissions has remained high, at 85 percent, as emissions from stationary sources have
decreased at the same pace as from mobile sources. The decrease in stationary source emis-
sions is due primarily to control of stack emissions, whereas the decrease in mobile source
emissions is a result of switchover to unleaded gasolines. Production of lead in the
United States has remained steady at about 1.2 X 106 t/year for the past decade. The gasoline
additive share of this market has dropped from 18 to 9.5 percent during the period 1971 to
1381. The decreasing use of lead 1in gasoline is projected to continue through 1990.

1.6 TRANSPORT AND TRANSFORMATION

At any particular ‘tocation and time, the concentration of lead found in the atmosphere
depends on the proximity to the source, the amount of lead emitted from sources, and the de-
gree of mixing provided by the motion of the atmosphere. At the source, lead emissions are
typically around 10,000 pg/m3, while lead values in city air are usually between 0.1 and 10
ug/m3. These reduced concentrations are the result of dilution of effluent gas with clean air
and the removal of particles by wet or dry deposition. Characteristically, lead concentra-
tions are highest in confined areas close to sources and are progressively reduced by dilution
or deposition in districts more removed from sources. In parking garages or tunnels, atmo-
spheric Tead concentrations can be ten to a thousand times greater than values measured near
roadways or in urban areas. In turn, atmospheric lead concentrations are usually about 2%
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times greater in the central city than in residential suburbs. Rural areas have even lower
concentrations. Particle size distribution stabilizes within a few hundred kilometers of the
sources, although atmospheric concentration continues to decrease with distance. Ambient
organolead concentrations decrease more rapidly than inorganic lead, suggesting conversion
from the organic to the inorganic phase during transport. Inorganic lead appears to convert
from lead halides and oxides to lead sulfates.

Lead is removed from the atmosphere by wet or dry deposition. The mechanisms of dry de-
position have been incorporated into models that estimate the flux of atmospheric lead to the
earth's surface. Of particular interest is deposition on vegetation surfaces, since this lead
may be incorporated into food chains. Between wet and dry deposition, it is possible to cal-
culate an atmospheric¢c lead budget that balances the emission inputs with deposition outputs.

Particles in air streams are subject to the same principles of fluid mechanics as par-
ticles in flowing water. The first principle is that of diffusion along a concentration gra-
dient. If the airflow is steady and free of turbulence, the rate of mixing is determined by
the diffusivity of the pollutant. By making generalizations of windspeed, stability, and sur-
face roughness, it is possible to construct models using a variable transport factor called
eddy diffusivity (K), in which K varies in each direction, including vertically. There is a
family of K-theory models that describe the dispersion of particulate pollutants. The sim-
plest K-theory model produces a Gaussian plume, called such because the cﬁncentratinn of the
pollutant decreases according to a normal or Gaussian distribution in both the vertical and
horizontal directions. These models have some utility and are the basis for most of the air
quality simulations performed to date (Benarie, 1980). Another family of models is based on
the conservative volume element approach, where volumes of air are seen as discrete parcels
having conservative meteorological properties, (Benarie, 1980). The effect of pollutants on
these parcels 1s expressed as a mixing ratio. These parcels of air may be considered to move
a1ung- a trajectnry that follows the advective wind direction. None of the models have been
tested for lead. All of the models require sampling periods of two hours or less in order for
the sample to conform to a well-defined set of meteorological conditions. In most cases, such
a sample would be below the detection limits for lead. The common pollutant used to test
models 1is 502 which can be measured over very short, nearly instantaneous, time periods. The
question of whether gaseous 502 can be used as a surrogate for particulate tead in these

models remains to be answered. \

Dispersion not influenced by complex terrain features depends on emission rates and the

volume of clean air available for mixing. These factors are relatively easy to estimate and
some effort has been made to describe ambient lead concentrations which can result under
selected conditions. On an urban scale, the routes of transport can be inferred from an iso-
pleth, i.e., a plot connecting points of identical ambient concentrations. These plots always

show that lead concentrations are maximum where traffic density is highest.
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Dispersion beyond cities to regional and remote locations is complicated by the fact that
there are no monitoring network data from which to construct isopleths, that removal by
deposition plays a more important role with time and distance, and that emissions from many
different geographic 1locations sources converge. Dispersion from point sources such as
smelters and refineries is described with isopleths in the manner of urban dispersion,
although the available data are notably less abundant.

Trijonis et al. (1980) reported lead concentrations for seven sites in St. Louis,
Missouri. Values around the CBD are typically two to three times greater than those found in
the outlying suburbs in St. Louis County to the west of the city. The general picture is one
of peak concentrations within congested commercial districts which gradually decline in out-
lying areas. However, concentration gradients are not steep, and the whole urban area has
levels of lead above 0.5 ug/m3. Lead in the air decreases 2%-fold from maximum values in
center city areas to well populated suburbs, with a further 2-fold decrease in the outlying
areas. These modeling estimates are generally confirmed by measurement.

The 15 mines and 7 primary smelters and refineries shown in Figure 1-6 are not located 1in
urban areas. Most of the 56 secondary smelters and refineries are likewise non-urban. Con-
sequently, dispersion from these point sources should be considered separately, but in a man-
ner similar to the treatment of urban regions. In addition to lead concentrations in air,
concentrations in soil and on vegetation surfaces are often used to determine the extent of
dispersion away from smelters and refineries.

Beyond the immediate vicinity of urban areas and smelter sites, lead in air declines
rapidly to concentrations of 0.1 to 0.5 pg/m3. Two mechanisms responsible for this change are
dilution with clean air and removal by deposition.

Source reconciliation is based on the concept that each type of natural or anthropogenic
emission has a unique combinatioh of elemental concentrations. Measurements of ambient air,,
properly weighted during multivariate regression analysis, should refiect the relative amount
of pollutant derived from each of several sources (Stolzenberg et al., 1982). Sievering et
al. (1980) used the method of Stolzenberg et al. (1982) to analyze the transport of urban air
from Chicago over Lake Michigan. They found that 95 percent of the lead in Lake Michigan air
could be attributed to various anthropogenic sources, namely coal fly ash, cement manufacture,
iron and steel manufacture, agricultural soil dust, construction soil dust, and incineration
emissions. Cass and McRae (1983) used source recgnciliation in the Los Angeles Basin to
interpret 1976 NFAN data based on emission profiles from several sources. Their chemical ele-
ment balance model showed that 20 to 22 percent of the total suspended particle mass could be
attributed to highway sources.

Harrison and Williams (1982) determined air concentrations, particle size distributions,
and total deposition flux at one urban and two rural sites in England. The urban site, which
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had no apparent industrial, commercial or municipal emission sources, had an air lead concen-
tration of 3.8 ug/m3, whereas the two rural sites were about 0.15 ug/m®. The average particle
size became smaller toward the rural sites, as the MMED shifted downward from 0.5 um to 0.1
Hm. |

Knowledge of lead concentrations in the oceans and glaciers provides some insight 1into
the degrees of atmospheric mixing and long range transport. Patterson and co-workers have
measured dissolved lead concentrations in sea water off the coast of California, in the
Central North Atlantic (near Bermuda), and in the Mediterranean. The profile obtained by
Schaule and Patterson (1980) is shown in Figure 1-9. Surface concentrations in the Pacific
(14 ng/kg) were found to be higher than those of the Mediterranean or the Atlantic, decreasing
abruptly with depth to a relatively constant level of 1 to 2 ng/kg. The vertical gradient was
found to be much less in the Atlantic. Below the mixing layer, there appears to be no differ-
ence between lead concentrations in the Atlantic and Pacific. These investigators calculated
that industrial lead currently is being added to the oceans at about 10 times the rate of in-
troduction by natural weathering, with significant amounts being removed from the atmosphere
by wet and dry deposition directly into the ocean. Their data suggest considerable contamina-
tion of surface waters near shore, diminishing toward the open ocean.

Investigations of trace metal concentrations (inc]uding lead) in the atmosphere in remote
northern and southern hemispheric sites have revealed that the natural sources for such atmos-
pheric trace metals include the oceans and the weathering of the earth's crust, while the
major anthropogenic source is particulate air pollution. Enrichment factors for concentra-
tions relative to standard values for the oceans and the crust were calculated; ninety percent
of the particulate pollutants in the global troposphere are injected in the northern hemi-
sphere (Robinson and Robbins, 1971). Since the residence times for particles in the tropo-

sphere are much less than the interhemispheric mixing time, it is unlikely that significant

amounts of particulate pollutants can migrate from the northern to the southern hemisphere via
the troposphere. | |

Murozumi et al. (1969) have shown that long range transport of lead particles emitted
from automobiles has significantly polluted the polar glaciers., They collected samples of
snow and ice from Greenland and the Antarctic (Fiqure 1-10). The authors attribute the gra-
dient increase after 1750 to the Industrial Revolution and the accelerated increase after 1940
to the increased use of lead alkyls in gasoline. The most recent levels found in the
Antarctic snows were, however, less than those found in Greenland by a factor of 10 or more.

Evidence from remote areas of the world suggests that lead and other fine particle com-
ponents are transported substantial distances, up to thousands of kilometers, by general
weather systems. The degree of surface contamination of remote areas with lead depends both
on weather influences and on the degree of air contamination. However, even in remote areas,
man's primitive activities can play an important role in atmospheric lead levels.
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Figure 1-9. Profile of lead concentrations in the
central northeast Pacific. Values below 1000 m are
an order of magnitude ‘ower than reported by
Tatsumoto and Patterson (1963) and Chow and
Patterson {1966).

Source: Schaule and Patterson {1980).
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Figure 1-10. Lead concentration profile in snow
strata of Northern Greenland.

Source: Murozumi et al. (1969).

Whitby et al. (1975) placed atmospheric particles into three different size regimes: the
nuclei mode (<0.1 um), the accumulation mode (0.1 to 2 pm), and the large particle mode (>2
um). At the source, lead particles are generally in the nuclei and large particle modes.
Large partfc]es are removed by deposition close to the source and particles in the nuclei mode
diffuse to surfaces or agglomerate while airborne to form larger particles of the accumulation
mode. Thus it 1is in the accumulation mode that particles are dispersed great distances.

A number of studies have ﬁsed gas absorbers behind filters to trap vapor-phase lead com-
pounds. Because it is not clear that all the lead captured in the backup traps is, in fact,
in the vapor phase in the atmosphere, "organic" or '"vapor phase" lead is an operational
definition in these studies. Purdue et al. (1973) measured both particulate and organic lead
in atmospheric samples. They found that the vapor phase lead was about 5 percent of the total
lead in most samples. It is noteworthy, however, that in an underground garage, total lead

concentrations were approximately five times those in ambient urban atmospheres, and the

organic lead increased to approximately 17 percent.
lead is emitted into the air from automobiles as lead halides and as double salts with

ammonium halides (e.g., PbBrCl - 2NH4CI). From mines and smelters, Pbsoq, PbO-PbSO4, and PbSs
appear to be the dominant species. In the atmosphere, lead is present mainly as the sulfate
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with minor amounts of halides. It is not completely clear just how the chemical composition
changes in transport.

The ratio of Br to Pb is often cited as an indication of automotive emissions. From the
mixtures commonly used in gasoline additives, the mass Br/Pb ratio should be about 0.386 if
there has been no fractionation of either element (Harrison and Sturges, 1983). However,
several authors have reported loss of halide, preferentially bromine, from lead salts in atmo-
spheric transport. Both photochemical decomposition and acidic gas displacement have been
postulated as mechanisms. The Br/Pb ratios maybe only crude estimates of automobile emissions;
this ratio would decrease with distance from the highway from 0.39 to 0.35 at less proximate
sites and 0.25 in suburban residential areas. Habibi et al. (1970) studied the composition of
auto exhaust particles as a function of particle size. Their main conclusions follow:

1. Chemical composition of emitted exhaust particles is related to particle size.

2. There is considerably more soot and carbonaceous material associated with fine-
mode particles than with coarse-mode particles. Particulate matter emitted
under typical driving conditions is rich in carbonaceous material.

3. Only small quantities of 2PbBrC1-NH,C1 were found in samples collected at the
tailpipe from the hot exhaust gas. Lead-halogen molar ratios in particles of
less than 10 pym MMED indicate that much more halogen is associated with these
solids than the amount expected from the presence of 2PbBrC]-NH4CT.

Lead sulfide is the main constituent of samples associated with ore handling and fugitive
dust from open mounds of ore concentrate. The major constituents from sintering and blast
furnace operations appeared to be PbSO4 and PbU-PbSG4, respectively.

Before atmospheric lead can have any effect on organisms or ecosystems, it must be trans-
ferred from the air to a surface. For natural ground surfaces and vegetation, this process
may be either dry or wet deposition. Transfer by dry deposition reguires that the particle
move from the main airstream through the boundary layer to a surface. The boundary layer is
defined as the region of minimal air flow immediately adjacent to that surface. The thickness
of the boundary layer depends mostly on the windspeed and roughness of the surface. Airborne
particles do not follow a smooth, straight path in the airstream. On the contrary, the path
of a particle may be affected by micro-turbulent air currents, gravitation, or its own iner-
tia. There are several mechanisms which alter the particle path sufficient to cause transfer
to a surface. These mechanisms are a function of particle size, windspeed, and surface char-
acteristics. Transfer from the main airstream to the boundary layer is usually by sedimenta-
tion or wind eddy diffusion. From the boundary layer to the surface, transfer may be by any
of the six mechanisms, although those which are independent of windspeed (sedimentation, in-
terception, Brownian diffusion) are more likely.
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Particles transported to a surface by any mechanism are said to have an effective de-
position velocity (Vd) which is measured not by rate of particle movement but by accumulation
on a surface as a function of air concentration. Several recent models of dry deposition have
evolved from the theoretical discussion of Fuchs (1964) and the wind tunnel experiments of
Chamberlain (1966). The models of Slinn (1982) and Davidson et al. (1982) are particularly
useful for lead deposition. Slinn's model considers a multitude of vegetation parameters to
find several approximate solutions for particles in the size range of 0.1 to 1.0 um, estima-
ting deposition velocities of 0.01 to 0.1 cm/sec. The model of Davidson et al. (1982) is
based on detailed vegetation measurements and wind data to predict a Vd of 0.05 to 1.0 cm/sec.
Deposition velocities are specific for each vegetation type. Both models show a decrease 1in
deposition velocity as particle size decrease down to about 0.1 to 0.2 um; as diameter
decreases further from 0.1 to 0.001 um, deposition velocity increases (see Figure 6-1).

Several dnvestigators have used surrogate surface devices to measure dry deposition
rates. The few studies available on deposition to vegetation surfaces show deposition rates
comparable to those of surrogate surfaces and deposition velocities in the range predicted by
the models discussed above (Table 1-2). These data show that global emissions are in approxi-
mate balance with global deposition. |

Andren et al. (1975) evaluated the contribution of wet and dry deposition of lead in a
study of the Walker Branch Watershed in Oak Ridge, Tennessee, during the period June, 1973 -
July, 1974. The mean precipitation in the area is approximately 130 cm/yr. Wet deposition
contributed approximately 67 percent of the total deposition for the period.

The geochemical mass balance of lead in the atmosphere may be determined from quantita-
tive estimates of inputs and outputs. Inputs amount to 450,000 - 475,000 metric tons an-
nually (Table 1-1). . The amount of lead removed by wet deposition is approximately 208,000
t/yr (Table 1-3).

The deposition flux for each vegetation type shown on Table 1-3 totals 202,000. The
combined wet and dry deposition is 410,000 metric tons, which compares favorably with the es-
timated 450,000 - 475,000 metric tons of emissions.

Soils have both a liquid and solid phase, and trace metals are normally distributed be-
tween these two phases. In the liquid phase, metals may exist as free ions or as soluble com-
plexes with organic or inorganic ligands. Organic ligands are typically humic substances such
as fulvic or humic acid, and the inorganic ligands may be iron or manganese hydrous oxides.
Since lead rarely occurs as a free ion in the liquid phase {(Camerlynck and Kiekens, 1982), 1its
mobility in the soil solution depends on the availability of organic or inorganic ligands.
The 1iquid phase of soil often exists as a thin film of moisture in intimate contact with the

solid phase. The availability of metals to plants depends on the equilibrium between the -

liquid and solid phase. In the solid phase, metals may be incorporated into crystalline
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- TABLE 1-2. SUMMARY OF SURROGATE AND VEGETATION SURFACE DEPOSITION OF LEAD

FTux Air Conc Deposition Velocity
Depositional Surface  ng Pb/cm?/day ng/m? cm/sec ~ Reference
Tree leaves (Paris) 0.38 - 0. 086 1
Tree leaves (Tennessee) 0.29-1.2 -=- -~ 2
Plastic disk (remote 0.02-0.08 13-31 0.05-0.4 3
California)
Plastic plates 0.29-1.5 110 0.05-0.06 4
(Tennessee)
Tree leaves (Tennessee) --- 110 0. 005 4
Snow (Greenland) 0.004 0.1-0.2 0.1 5
Grass (Pennsylvania) --- 590 0.2-1.1 b
Coniferous forest (Sweden) 0.74 21 - 0.41 7
1. Servant, 1975
2. Lindberg et al., 1982
3. Elias and Davidson, 1980
4. Lindberg and Harriss, 1981
5. Davidson et al., 1981¢
6. Davidson et al., 1982
/. Lannefors et al., 1983

minerals of parent rock material and secondary clay minerals or precipitated as insoluble
organic or inorganic complexes. They may also be adsorbed onto the surfaces of any of these
solid forms. Of these categories, the most mobile form is in soil moisture, where lead can
move freely into plant roots or soil microorganisms with dissolved ‘nutrients. The least
mobile is parent rock material, where lead may be bound within crystalline structures over
geologic periods of time; intermediate are the lead complexes and precipitates. Trans-
formation from one form to another depends on the chemical environment of the soil. The water
soluble and exthahgeab1e_forms of metals are generally considered available for plant uptake
(Camerlynck and Kiekens, 1982). These authors demonstrated that in normal soils, only a small
fraction of the total lead is in exchangeable form (about 1 ug/g) and none exists as free lead
ions. Of the exchangeable lead, 30 percent existed as stable complexes, 70 percent as labile
complexes.
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TABLE 1-3. ESTIMATED GLOBAL DEPOSITION OF ATMOSPHERIC LEAD

Deposition from Atmosphere

Mass ~ Concentration Deposition
1017 kg/yr 10-¢ g/kg 10% kg/yr
Wet
To oceans 4.1 0.4 164
To continents 1.1 0.4 44
Area Deposition rate Deposition
Dry 1012 km4 10-3 g/m#/yr 108 kg/yr
To oceans, ice caps, deserts 405 0.2 89
Grassland, agricultural
areas, and tundra 46 0.71 33
Forests 59 1.5 80
Total dry: 202
Total wet: 208
Global: 410

Source: This report.

Atmospheric lead may enter the soil system by wet or dry deposition mechanisms. Lead
could be immobilized by precipitation as less soluble compounds [PbCOB, Pb(P04)2], by ion ex-
change with hydrous oxides or clays, or by chelation with humic and fulvic acids. Lead im-
mobilization is more strongly correlated with organic chelation than with iron and managanese
oxide formation (Zimdahl and Skogerboe, 1977). If organic chelation is the correct model of
lead immobilization in soil, then several features of this model merit further discussion.
First, the total capacity of soil to immobilize Tead can be predicted from the linear rela-
tionship developed by Zimdahl and Skogerboe (1977) (Figure 1-11) based on the equation:

N=2.8x108(A)+1.1x10°% () -49x10">

where N is the saturation capacity of the soil expressed in moles/g soil, A is the cation ex-
change capacity of the soil in meq/100 g soil, and B is the pH.
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The soil humus model also facilitates the calculation of lead in soil moisture using
values available in the literature for conditional stability constants (K) with fulvic acid.
The values reported for log K are linear in the pH range of 3 to 6 so that interpolations in
the critical range of pH 4 to 5.5 are possible (Figure 1-11). Thus, at pH 4.5, the ratio of
complexed lead to ionic Tead is expected to be 3.8 x 10%. For soils of 100 pg/g, the ionic

lead in soil moisture solution would be 0.03 pg/g.
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Figure 1-11. Variation of lead saturation capacity with cation exchange
capacity in soil at selected pH values. -

Source: Data from Zimdahl and Skogerboe (1977).

It is also important to consider the stability constant of the Pb-FA complex relative to
other metals. Schnitzer and Hansen (1970) showed that at pH 3, Fe3” is the most stable in
the sequence Fett > A13% > ot > Nizt > ozt > Pbz” > caz’ > zn2® > Mn2" > Mg?+. At pH
5, this sequence becomes Niz' = Coz' > pb2® > cuz’ > znz* = mnzt > caz’ > Mg3+. This
means that at normal soil pH levels of 4.5 to 8, lead is bound to FA + HA in preference to

many other metals that are known plant nutrients (Zn, Mn, Ca, and Mg).
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Lead does not pass easily to ground or surface water. Any lead dissolved from primary
lead sulfide ore tends to combine with carbonate or sulfate jons to form insoluble iead car-
bonate or lead sulfate, or be absorbed by ferric hydroxide. An outstanding characteristic of
lead is its tendency to form compounds of low solubility with the major anions of natural
water. The hydroxide, carbonate, suifide, and more rarely the sulfate may act as solubility
controls in precipitating lead from water. The amount of lead that can remain in solution 15
a function of the pH of the water and the dissolved salt content. A significant fraction of
the lead carried by river water may be in an undissolved state. This insoluble lead can con-
sist of colloidal particles in suspension or larger undissolved particles of lead carbonate,
-oxide, -hydroxide, or other lead compounds incorporated in other components of particulate
lead from runoff; it may occur either as sorbed ions or surface coatings on sediment mineral
particles or be carried as a part of suspended living or nonliving organic matter.

The bulk of organic compounds in surface waters originates’ from natural  sources,
(Neubecker and Allen, 1983). The humic and fulvic acids that are primary complexing agents in
s0ils are also found in surface waters at concentrations from 1 to 5 mg/1, occasionally ex-
ceeding 10 mg/1. The presence of fulvic acid in water has been shown to increase the rate of
solution of lead sulfide 10 to 60 times over that of a water solution at the same pH that did
not contain fulvic acid. At pH values near 7, soluble lead-fulvic acid compiexes are present
in solution.

The transformation of inorganic lead, especially in sediment, to tetramethyllead (TML)
has been observed and biomethylation has been postulated. However, Reisinger et al. (1981)
have reported extensive studies of the methylation of lead in the presence of numerous
bacterial species known to alkylate mercury and other heavy metals. In these experiments no
biological methylation of lead was found under any condition. |

Lead occurs in riverine and estuarial waters and alluvial deposits. Concentrations of
lead in ground water appear to decrease logarithmically with distance from a roadway. Rain-
water runoff has been found to be an important transport mechanism in the removal of lead from
a roadway surface in a number of studies. Apparently, only a light rainfall, 2 to 3 mm, is
sufficient to remove 90 percent of the lead from the road surface to surrounding soil and to
waterways. The lead concentrations in off-shore sediments often show a marked 1increase
corresponding to anthropogenic activity in the region. An average anthropogenic flux of 72
mg/m2-yr, of which 27 mg/m%-yr could be attributed to direct atmospheric deposition. Prior to
1650, the total flux was 12 mg/m?-yr, so there has been a 6-fold increase since that time. Ng
and Patterson (1982) found prehistoric fluxes of 1 to 7 mg Pb/m?-yr to three offshore basins
in southern California, which have now increased 3 to 9-fold to 11 to 21 mg/mZ-yr. Much of
this lead is deposited directly from sewage outfalls, although at least 25 percent probably
comes from the atmosphere.

SUMPB /D 1-33 9/30/83



PRELIMINARY DRAFT

The deposition of lead on the leaf surfaces of plants where the particles are often re-
tained for a long time can be important. Several studies have shown that plants near roadways
exhibit considerably higher levels of lead than those farther away. Rainfall does not gene-
rally remove the deposited particles. Animals or humans consuming the leafy portions of such
plants can be exposed to higher than normal levels of lead. The particle deposﬁtion on leaves
has Ted some investigators to stipulate that lead may enter plants through the leaves. Arvik
and Zimdahl (1974) have shown that entry of ionic lead through plant leaves is of minimal
importance. Using 'the leaf cuticles of several types of plants essentially as dialysing mem-
branes, they found that even high concentrations of lead ions would not pass through the cuti-
cles into distilled water on the opposite side.

1.7 ENVIRONMENTAL CONCENTRATIONS AND POTENTIAL PATHWAYS TO HUMAN EXPOSURE
In general, typical Tevels of human lead exposure may be attributed to four components of

the human environment: inhaled air, dusts of various types, food and drinking water. A base-
Tine Tevel of potential human exposure is determined for a normal adult eating a typical diet
and Tiving in a non-urban community. This baseline exposure is deemed to be unavoidable by
any reasonable means. Beyond this level, additive exposure factors can be determined for
other environments (urban, occupational, smelter communities), for certain habits and activi-
ties (smoking, drinking, pica, and hobbies), and for variations due to age, sex, Or socio-
economic status.

1.7.1 Lead in Air

Ambient airborne Tead concentrations may influence human exposure through direct inhala-
tion of lead-containing particles and through ingestion of lead which has been deposited from
the air onto surfaces. Our understanding of the pathways to human exposure is far from com-
plete because most ambient measurements were not taken in conjuction with studies of the con-
centrations of tead in man or in components of his food chain.

The most complete set of data on ambient air concentrations may be extracted from the
National Filter. Analysis Network (NFAN) and its predecessors. In remote regions of the world,
air concentrations are two or three orders of magnitude lower than in urban areas, lending
credence to estimates of the concentrations of natural lead in the'atmosphare. In the context
of this data base, the conditions which modify ambient air, as measured by the monitoring net-
works, to air inhaled by humans cause changes in particle size distributions, changes with
vertical distance above ground, and differences between indoor and outdoor concentrations.

The wide range of concentration is apparent from Table 1-4, which summarizes data ob-
tained from numerous independent measurements. Concentrations vary from 0.000076 pg/m3 in
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TABLE 1-4. ATMOSPHERIC LEAD IN URBAN, RURAL, AND REMOTE AREAS OF THE WORLD®

|

Lead conc. (ug/m3)

Location Sampling Period
Urban | |
Miami 1974
New York 1978-79
Boston 1978-79
St. Louis 1973
Houston 1978-79
Chicago 1979
Salt Lake City 1974
Los Angeles 1978-79
Ottowa 1975
Toronto 1975
Montreal 1975
Berlin 1966-67
Vienna 1970
Zurich 1970
Brussels 1978
Turin 1974-79
Rome 1972-73
Paris 1964
Rio de Janeiro 1972-173
Rural
New York Bight 1974
Framingham, MA 1972
Chadron, NE 1973-74
United Kingdom 1972
Italy 1976-80
Belgium 1978
Remote
White Mtn., CA 1969~70
High Sierra, CA 1976-77
Olympic Nat. Park, WA 1980
Antarctica 1971
South Pole 1974
Thule, Greenland 1965
Thule, Greenland 1978-79
Prins Christian-
sund, Greenland 1978-79

Dye 3, Greenland 1979
Eniwetok, Pacific Ocean 1979
Kumjung, Nepal 1979
Bermuda 1973-75
Spitsbergen 1973-74
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.13
.9

. 045
.13
.33
.37

. 008

. 021

. 0022

. 0004

. 000076
. 0005

. 008

.018

.00015
.00017
. 00086
.0041
. 0058

Reference

HASL, 1975
see Table /-
see Table 7
see Table 7
see Table 7
see Table 7
HASL, 1975
see Table /-
NAPS, 1975
NAPS, 1975
NAPS, 1975
Blokker, 1972

Hartl and Resch, 1973

Hogger, 1973

Roels et al., 1980

Facchetti and Geiss, 1982
Colacino and Lavagnini, 1974
Blokker, 1972

Branquinho and Robinson, 1976

3
3
3
3
3
3

Duce et al., 1975

O'Brien et al., 1975
Struempler, 1975

Cawse, 1974

Facchetti and Geiss, 1982
Roels et al. 1980

Chow et al., 1972

Elias and Davidson, 1980
Davidson et al., 1982
Duce, 1972

Maephaut et al., 1979
Murozumi et al., 1969
Heidam, 1981

Heidam, 1981

Davidson et al., 198lc
Settle and Patterson, 1982
Davidson et al., 1981b
Duce et al., 1976

Larssen, 1977

8A11 references listed as cited in Nriagu {1978b).

SUMPB/D

1-35

9/30/83



PRELIMINARY DRAFT

remote areas to over 10 ug/m3 near sources such as smelters. Many of thé remote areas are far
from human habitation and therefore do not reflect human exposure. However, a few of the
regions characterized by small Tead concentrations are populated by individuals with primitive
lifestyles; these data provide baseline airborne lead data to which modern American lead exXpo-
sures can be compared.

The remote area concentrations reported in Table 1-4 do not necessarily refliect natural,
preindustrial lead. Murozumi et al. (1969) and Ng and Patterson (1981) have measured a 200-
fold increase in the lead content of Greenland snow over the past 3000 years. The authors
state that this lead originates in populated mid-latitude regions, and is transported over
thousands of kilometers through the atmosphere to the Arctic. A1l of the concentrations in
Table 1-4, including values for remote areas, have been influenced by anthropogenic lead emis-
s10Ns.

The data from the Air Filter networks show both the maximum quarterly average to reflect
compliance of the station to the ambient airborne standard (1.5 ug/m3), and quarterly aver-
ages to show trends at a particular location. The number of stations comp]yfng with the stan-
dard has increased, the quarterly averages have decreased, and the maximum 24-hour values ap-
pear t0 be smaller since 1977.

It seems 1ikely that the concentration of natural lead in the atmosphere is between
0.00002 and 0.00007 pg/m*. A value of 0.00005 will be used for calculations regarding the
contribution of natural air Tead to total human uptake.

The effect of the 1978 National Ambient Air Quality Standard for Lead has been to reduce
the air concentration of lead in major urban areas. Similar trends may also be seen in urban
areas of smaller population density. There are many factors which can cause differences
between the concentration of lead measured at a monitoring station and the actual inhalation
of air by humans. Air lead concentrations usually decrease with vertical and horizontal dis-
tance from emission sources, and are generally lower indoors than outdoors.

New guidelines for placing ambient air lead monitors went into effect in July, 1981
(F.R., 1981 September 3). "Microscale" sites, placed between 5 and 15 meters from thorough-
fares and 2 to 7 meters above the ground, are prescribed, but until now few monitors have been
located that close to heavily travelled roadways. Many of these microscale sites might be ex-
pected to show higher lead concentrations than measured at nearby middlescale urban sites, due
complex. Our understanding of the complex factors affecting the vertical distribution of air-
borne lead is extremely limited, but the data indicate that air lead concentrations are pri-
marily a function of distance from the source, whether vertical or horizontal.

Because people spend much of their time indoors, ambient air data may not accurately
indicate actual exposure to airborne lead. Some studies show smaller indoor/outdoor ratios
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during the winter, when windows and doors are tightly closed. Overall, the data suggest
indoor/outdoor ratios of 0.6-0.8 are typical for airborne lead in houses without air con-
ditioning. Ratios in air conditioned houses are expected to be in the range of 0.3-0.5
(Yocum, 1982). Even detailed knowledge of indoor and outdoor airborne lead concentrations at
fixed locations may still be insufficient to assess human exposure to airborne lead. The
study of Tosteson et al. (1982) included measurement of airborne lead concentrations using
personal exposure monitors, carried by individuals going about their day-to-day activities.
In contrast to the lead concentrations of 0.092 and 0.12 ug/m® at fixed locations, the average
personal exposure was 0.16 pg/m3. The authors suggest the inadequacy of using fixed monitors
at either indoor or outdoor locations to assess exposure..

Much of the lead in the atmosphere is transferred to terrestrial surfaces where it is
eventually passed to the upper layer of the soil surface. Crustal lead concentrations in soil
range from less than 10 to greater than 70 pg/g. The range of values probably represent
natural levels of lead in soil, although there may have been some contamination with anthro-

pogenic lead during collection and handling.

1.7.2 Lead in Soil and Dust

Studies have determined that atmospheric lead is retained in the upper two centimeters of
undisturbed soil, especially soils with at least 5 percent organic matter and a pH of 5 or
above. There has been no general survey of this upper 2 cm of the soil surface in the United
States, but several studies of lead in soil near roadsides and smelters and a few studies of
lead in soil near old houses with lead-based paint can provide the backgound information for

determining potential human exposures to lead from soil. Because lead is immobilized by the
organic component of soil, the concentration of anthropogenic lead in the upper 2 cm is deter-
mined by the flux of atmospheric lead to the soil surface. Near roadsides, this flux is
largely by dry deposition and the rate depends on particle size and concentration. In gen-
eral, deposition flux drops off abruptly with increasing distance from the roadway. This
effect is demonstrated in studies which show surface soil lead decreases exponentially up to
25 m from the edge of the road. Roadside soils may contain atmospheric lead from 30 to 2000
mg/g in excess of natural levels within 25 meters of the roadbed, all in the upper layer of
the soil profile.

Near primary and secondary smelters, lead in soil decreases exponentially within a 5-10
km zone around the smelter complex. Soil lead contamination varies with the smelter emission
rate, length of time the smelter has been in operation, prevailing windspeed and direction,
regional climatic conditions, and local topography.

Urban soils may be contaminated from a variety of atmospheric and non-atmospheric
sources. The major sources of soil lead seem to be paint chips from older houses and deposi-

tion from nearby highways. Lead in soil adjacent to a house decreases with distance; this may
SUMPB/D - 1-37 9/30/83



PRELIMINARY DRAFT

be due to paint chips or to dust of atmospheric origin washing from the rooftop (Wheeler and
Rolfe, 1979).

A definitive study which describes the source of soil lead was reported by Gulson et al.
(1981) for soils in the vicinity of Adelaide, South Australia. In an urban to rural transect,
stable lead isotopes were measured in the top 10 cm of soils over a 50 km distance. By their
isotopic compositions, three sources of lead were identified: natural, non-automotive 1in-
dustrial lead from Australia, and tetraethyl lead manufactured in the United States. The re-
sults indicated most of the soil surface lead originated from leaded gasoline. Lead may be
found in inorganic primary minerals, on humic substances, complexed with Fe-Mn oxide films, on
secondary minerals or in soil moisture. All of the lead in primary minerals is natural and is
bound tightly within the crystalline structure of the minerals. The lead on the surface of
these minerals is leached slowly into the s071 moisture. Atmospheric lead forms cnmplexes
with hum1c substances or on oxide films, that are in equilibrium with soil moisture, a1though
the equilibrium strongly favors the complexing agents. Except near roadsides and smelters,
only a few pg of atmospheric lead have been added to each gram of soil. Several studies in-
dicate that this lead is available to plants and that even with small amounts of atmospheric
1ead; about 75 percent of the lead in soil moisture is of atmospheric origin.

Lead on the surfaces of vegetation may be of atmospheric origin. In internal tissues,
lead maybe a combination of atmospheric and soil origin. As with'soﬂs, lead on vegetation
surfaces decreases exponentially with distance away from roadsides and smelters..This de-
posited lead is persistent. It is neither washed off by rain nor taken up through the leaf
surface. Lead on the surface of leaves and bark is proportional to air lead concentrations
and particle size distributions. Lead in internal plant tissues is directly related to lead
in soil.

1.7.3 Lead in Food -

In a study to determine the background concentrations of lead and other metals in agri-
cultural crops, the Food and Drug Administration (Wolnik et al., 1983), in cooperation with
the U.$. Department of Agriculture and the U.S. Environmental Protection Agency, analyzed over
1500 samples of ‘the mnst common crops taken from a cross section of geographic locations.
Collection sites were remote from mobile or stationary sources of lead. Soil lead concentra-
tions were within the normal range (8-25 pg/g) of U.S. soils. The concentrations of lead in
crops are shown as “"Total" concentrations on Table 1-5. The total concentration data should
probably be seen as representing the Towest concentrations of lead in food available to
Americans. The data on these ten crops suggest that root vegetables have lead concentrations
between 0.0046 and 0.009 pg/g, all soil lead. Aboveground parts not exposed to significant
amounts of atmospheric deposition (sweet corn and tomatoes) have less lead internally. If it
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is assumed that this same concentration is the internal concentration for aboveground parts
for other plants, it is apparent that five crops have direct atmospheric deposition in pro-
portion to surface area and estimated duration of exposure. The deposition rate of 0.04
ng/cm2-day in rural environments could account for these amounts of direct atmospheric lead.

TABLE 1-5. BACKGROUND LEAD IN BASIC FOOD CROPS AND MEATS
(g/g fresh weight)

Natural Indirect Direct +
Crop Pb Atmospheric Atmospheric Total
Wheat 0.0015 0.0015 0.034 0.037
Potatoes 0.0045 0.0045 -- 0.009
Field corn 0.0015 0.0015 0.019 0.022%
Sweet corn 0.0015 0.0015 - 0.003
Soybeans 0.021 0.021 -- 0.042
Peanuts 0.050 0.050 - 0.104
Onions 0.0023 0.0023 -~ 0.0046%
Rice 0.0015 0.0015 0.004 0.007%
Carrots 0.0045 0.0045 - 0.009%
Tomatoes 0.001 0.001 - 0.002%
Spinach 0.0015 0.0015 0.042 0. 045%
Lettuce 0.0015% 0.0015 0.010 0.013
Beef (muscle) 0.0002 0.002 0.02 0.02%*
Pork (muscle) 0.0002 0.002 0.06 0.06**

Texcept as indicated, data are from Wolnick et al. (1983)

*preliminary data provided by the Elemental Analysis Research Center, Food and Drug
Administration, Cincinnati, OH

**data from Penumarthy et al. (1980)

Lead in food crops varies according to exposure to the atmosphere and in proportion to the ef-
fort taken to separate husks, chaff, and hulls from edible parts during processing for human
or animal consumption. Root parts and protected aboveground parts contain natural lead and
indirect atmospheric lead, both derived from the soil. For exposed aboveground parts, any
lead in excess of the average of unexposed aboveground parts is considered to have been
directly deposited from the atmosphere.

1.7.4 Lead in Water

Lead occurs in untreated water in either dissolved or particulate form. Dissolved lead is
operationally defined as that which passes through a 0.45 ym membrane filter. Because atmos-
pheric lead in rain or snow is retained by soil, there is little correlation between lead in
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precipitation and lead in streams that drain terrestrial watersheds. Rather, the important
factors seem to be the chemistry of the stream (pH and hardness) and the volume of the stream
flow. For groundwater, chemistry is also important, as is the geochemical composition of the
water-bearing bedrock.

Streams and lakes are influenced by their water chemistry and the lead content of their
sediments. At neutral pH, lead moves from the dissolved to particulate form and the particles
eventually pass to sediments. At low pH, the reverse pathway is generally the case. Hard-
ness, which is a combination of the Ca and Mg concentration, can also influence Tead concen-
trations. At higher concentrations of Ca and Mg, the solubility of lead decreases. Municipal
and private wells typically have a neutral pH and somewhat higher than average hardness. Lead
concentrations are not influenced by acid rain, surface runoff or atmospheric deposition.
Rather, the primary determinant of lead concentration is the geochemical makeup of the bedrock
that is the source of the water supply. Ground water typically ranges from 1 to 100 pg Pb/T
(National Academy of Sciences, 1980).

Whether from surface or ground water suﬁp1ieé, municipal waters undergo extensive chem-
ical treatment prior to release to the distribution system. Although there is no direct ef-
fort to remove lead from the water supply, some treatments, such as flocculation and sedimen-
tation, may inadvertently remove lead along with other undesirable substances. On the other
hand, chemical treatment to soften water increases the solubility of lead and enhances the
possibility that lead will be added to water as it passes through the distribution system.
For samples taken at the household tap, lead concentrations are usually higher in the initial
volume (first daily flush) than after the tap has been running for some time. Water standing
in the pipes for several hours is intermediate between these two concentrations. (Sharrett et
al., 1982; Worth et al., 1981).

1.7.5 Baseline Exposures to Lead
Lead concentrations in environmental media that are in the pathway to human consumption

are summarized on Table 1-6. Because natural lead is generally three to four orders of magni-
tude lower than anthropogenic lead in ambient rural or urban air, all atmospheric contri-
butions of lead are considered to be of anthropogenic origin. Natural soil lead typically
ranges from 10 to 30 pg/g, but much of this is tightly bound within the crystalline matrix of
soil minerals at normal soil pHs of 4 to 8. Lead in the organic fraction of soil is part
natural and part atmospheric. The fraction derived from fertilizer fis considered to be
minimal. In undisturbed rural and remote soils, the ratio of natural to atmospheric lead is
about 1:1, perhaps as high as 1:3. This ratio persists through soil moisture and into in-
ternal plant tissues.
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TABLE 1-6. SUMMARY OF ENVIRONMENTAL CONCENTRATIONS OF LEAD

Natural Atmospheric Total

Medium Lead Lead Lead
S Air urban (pg/m3) 0.00005 - 0.8 0.8 -
rural (pg/m3) 0. 00005 0.2 0.2
Soil Total (ug/g) 8-25 3.0 15.0
Food Crops (ng/g) 0.0025 0.027 0.03
Surface water (ug/q) 0. 00002 0.005 0.005
Ground water (pg/g) 0.003 0.003

- .
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In tracking air lead through pathways to human exposure, it is necessary to distinguish
between atmospheric lead that has passed through the soil, called indirect atmospheric here,
and atmospheric lead that has deposited directly on crops or water. Because indirect atmos-
pheric Tead will remain in the soil for many decades, this source is insensitive to projected
changes in atmospheric lead concentrations.

Initially, a current baseline exposure scenario is described for an individual with a
minimum amount of daily lead consumption. This person would live and work in a nonurban en-
vironment, eat a normal diet of food taken from a typical grocery shelf, and would have no
habits or activities that would tend to increase lead exposure. Lead exposure at the baseline
level is considered unavoidable without further reductions of lead in the atmosphere or in
canned foods. Most of the baseline lead is of anthropogenic origin.

To arrive at a minimum or baseline exposure for humans, it is necessary to begin with the
environmental components, air, soil, food crops and water, that are the major sources of lead
consumed by humans (Table 1-6). These components are measured frequently, even monitored
routinely in the case of air, so that much data are available on their concentrations. But
there are several factors which medify these components prior to actual human exposure: We do
not breathe air as monitored at an atmospheric sampling station; we may be closer to or
farther from the source of lead than is the monitor; we may be inside a building, with or
without filtered air; water we drink does not come directly from a stream or river, but often
has passed through a chemical treatment plant and a distribution system. A similar type of
processing has modified the lead levels present in our food.

Besides the atmospheric lead in environmental components, there are two other industrial
components which contribute to this baseline of human exposure: paint pigments and lead
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solder. Solder contributes directly to the human diet through canned food and copper water
distribution systems. Paint and solder are also a source of lead-bearing dusts. The most
common dusts in the baseline human environment are street dusts and household dusts. They
originate as emissions from mobile or stationary<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>